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1 | INTRODUCTION

| S. Tony Wolf"

| Auni C. Williams' | W. Larry Kenney?® |

Abstract

We tested the hypothesis that post-COVID-19 adults (PC) would have impaired
cutaneous nitric oxide (NO)-mediated vasodilation compared to controls (CON).
We performed a cross-sectional study including 10 (10 F/0 M, 69 + 7 years) CON
and 7 (2 F/5M, 66 +8years) PC (223 + 154 days post-diagnosis). COVID-19 symp-
toms severity (survey) was assessed (0-100 scale for 18 common symptoms).
NO-dependent cutaneous vasodilation was induced by a standardized 42°C local
heating protocol and quantified via perfusion of 15mM NG-nitro-L-arginine me-
thyl ester during the plateau of the heating response (intradermal microdialy-
sis). Red blood cell flux was measured with laser-Doppler flowmetry. Cutaneous
vascular conductance (CVC=flux/mmHg) was presented as a percentage of
maximum (28 mM sodium nitroprusside +43°C). All data are means+ SD. The
local heating plateau (CON: 71 +23% CVC,,., Vs. PC: 81 +16% CVC,,,, p=0.77)
and NO-dependent vasodilation (CON: 56 +23% vs. PC: 60 +22%, p=0.77) were
not different between groups. In the PC group neither time since diagnosis nor
peak symptom severity (46 + 18 AU) correlated with NO-dependent vasodilation
(r<0.01, p=0.99 and r=0.42, p=0.35, respectively). In conclusion, middle-aged
and older adults who have had COVID-19 did not have impaired NO-dependent
cutaneous vasodilation. Additionally, in this cohort of PC, neither time since di-

agnosis nor symptomology were related to microvascular function.

post-infection, adults who have been previously infected

The long-term implications of SARS-CoV-2 infection are
broad. Although these long-term effects impact many
organ systems, cardiovascular complications remain a
primary concern. A wide range of cardiovascular compli-
cations have been reported with and without pathologi-
cal evidence of cardiovascular disease. Twelve months

with SARS-CoV-2 still display greater risk for adverse car-
diovascular events including venous thromboembolisms,
angina, and heart failure (Raisi-Estabragh et al., 2022;
Xie et al.,, 2022). These cardiovascular incidents have
been observed in both hospitalized and non-hospitalized
COVID-19 patients (Raisi-Estabragh et al., 2022; Xie
et al., 2022). However, the pathophysiology linking
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COVID-19 and increased cardiovascular risk remains
elusive.

Preclinical data propose endothelial dysfunction as
a long-term consequence of COVID-19 (Ackermann
et al., 2020; Fosse et al., 2021; Qian et al., 2021; Varga
et al., 2020). However, the literature in human partic-
ipants is conflicting on whether COVID-19 results in
long-term endothelial dysfunction in otherwise healthy
adults (Dillon et al., 2022; Nandadeva et al., 2021;
Ratchford et al., 2021). Endothelium-dependent micro-
vascular dysfunction is an early manifestation of the
vascular disease process that precedes larger vessel dys-
function and clinically apparent target organ damage
(Cohuet & Struijker-Boudier, 2006; Dharmashankar &
Widlansky, 2010; Khan et al., 2008). Specifically, impaired
endothelial nitric oxide (NO)-dependent vasodilation is
evident in a variety of groups with elevated cardiovascu-
lar disease risk (Craighead et al., 2017; Cupisti et al., 2000;
Greaney et al., 2020; Stanhewicz et al., 2017a; Stanhewicz
et al., 2017b; Wolf et al., 2022). We have previously shown
that young healthy adults (ages 19-35) do not display re-
duced NO-mediated cutaneous microvascular function
(Dillon et al., 2022). However, to-date, no studies inves-
tigating NO-mediated microvascular function in middle-
aged and older adults after recovery from COVID-19 have
been conducted. Considering aging in the absence of other
cardiovascular disease risk is associated with reduced NO-
dependent vasodilation, and that older adults are more
likely to experience complications following SARS-CoV-2
infection, we tested the hypothesis that compared to ap-
propriately matched adults who have not had COVID-19,
middle-aged and older adults who had been infected with
SARS-CoV-2 would have impaired NO-mediated cuta-
neous microvascular function (Seals et al., 2011; Taddei
et al., 2001).

2 | METHODS

The Institutional Review Board at The Pennsylvania State
University approved all experimental procedures and pro-
tocols. Verbal and written informed consent were volun-
tarily obtained from all participants before participation
and in accordance with the guidelines set forth by the
Declaration of Helsinki.

2.1 | Participants

All participants underwent a complete medical screening,
including a blood chemistry analysis (Quest Diagnostics).
All participants had a BMI<35kg/m? and did not use to-
bacco products. To increase generalizability to the public,

we did not exclude for blood pressure status or any medi-
cations. All but one woman were postmenopausal. None
of the postmenopausal women were on hormone replace-
ment therapy. The one premenopausal woman (control
group) was studied in the luteal phase of her menstrual
cycle and urine pregnancy test confirmed the absence of
pregnancy before the experimental procedures.
Participants were classified into one of two groups: (1)
control (CON; never diagnosed with COVID-19, no self-
reported COVID-19 symptoms since January 2020) or (2)
post-COVID-19 (PC; tested positive for SARS-CoV-2 via
PCR test). In the PC group, COVID-19 diagnoses were be-
tween January 2, 2021 and May 21, 2022. All data were
collected between January 26, 2022 and July 14, 2022.

2.2 | Symptom survey

At the experimental visit, PC participants completed a
COVID-19 symptomology questionnaire, which lists 18
symptoms commonly associated to COVID-19, as previ-
ously described (Dillon et al., 2022; Ratchford et al., 2021;
Stute et al., 2021). PC participants recalled the severity of
their symptoms during peak COVID-19 illness and for
current symptoms at time of experimental testing.

2.3 | Physical activity assessment

Regular exercise is associated with greater endothelial
function, including upregulation of nitric oxide-dependent
pathways (Seals et al., 2009). Thus, we included a measure
of habitual physical activity to ensure matching between
groups. Daily physical activity was assessed using acceler-
ometry (ActiGraph GT9X, LLC), as previously described
(Dillon et al., 2022). Participants wore the accelerometer
around their waist aligned with the midline of their domi-
nant thigh (Freedson et al., 1998). A total of 15 out of 16
participants (CON n=9 and PC n=7) had sufficient data
for analysis.

2.4 | Cutaneous microvascular function

Before each experimental session, participants were in-
structed to abstain from caffeine, alcohol, and strenu-
ous physical activity for at least 12h before arrival at the
laboratory. An intradermal microdialysis fiber (CMA
Linear 31 probe, 55kDa, Harvard Apparatus) was in-
serted into the ventral forearm skin for the local deliv-
ery of pharmacological agents, as previously described
(Bruning et al., 2012; Dillon et al., 2022). Cutaneous red
blood cell flux was continuously measured directly over
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the microdialysis site with an integrated laser Doppler
flowmetry probe placed in a local heating unit (VP12 and
VHP2; Moor Instruments).

Pharmacological agents were mixed just before use,
dissolved in lactated Ringer's solution, sterilized using
syringe microfilters (Acrodisc; Pall), and wrapped in foil
to prevent degradation due to light exposure (FDA IND
No. 120058). All solutions were perfused through the mi-
crodialysis fiber at a rate of 2 pL/min (Bee Hive control-
ler and Baby Bee microinfusion pumps; Bioanalytical
Systems).

After placement of the microdialysis fiber, ~60 min were
allowed for hyperemia associated with fiber placement to
resolve. Baseline data were then collected (~10min) be-
fore beginning a standardized local heating (42°C) pro-
tocol, as described previously (Choi et al., 2014; Minson
et al., 1985). This local heating protocol elicits an initial
axon reflex-mediated peak skin blood flow response, fol-
lowed by a brief nadir, after which there is a gradual rise
and eventual blood flow plateau (after ~40min). After
observing a stable local heating plateau, 15mM NG-
nitro-l-arginine methyl ester (I-NAME; NO Synthase
Inhibitor) was perfused (Choi et al., 2014; Minson et al.,
1985; Roberts et al., 2017; Roustit et al., 2010). After ob-
serving a stable - NAME plateau, 28 mM sodium nitro-
prusside (SNP; USP) was perfused and local temperature
was increased to 43°C to elicit maximal vasodilation
(National Institutes of Health, 2023; Tehrani & Gille-
Johnson, 2021). Automated brachial BP (Cardiocap; GE
Healthcare; Connex Spot Monitor, Welch Allyn) was mea-
sured at each stage (e.g., baseline, initial axon reflex, local
heating plateau, - NAME plateau, and maximal vasodila-
tion) throughout the protocol.

2.5 | Data and statistical analysis

Data were recorded at 40 Hz and stored for offline anal-
ysis (Powerlab/LabChart, ADInstruments). Average
values for red cell flux (perfusion units) were obtained
during baseline (averaged over 5-10min) and at each
phase of the local heating protocol (averaged over
>1min). Cutaneous vascular conductance (CVC) was
calculated as red blood cell flux divided by mean arterial
pressure. Because of the heterogeneity of capillary den-
sity at each microdialysis site, CVC was normalized as
a percentage of the site-specific maximum (CVC%max)
(Roberts et al., 2017; Roustit et al., 2010). The NO-
dependent vasodilation (%NO) was quantified as the
difference between the local heating plateau and the 1-
NAME plateau (Choi et al., 2014; Roberts et al., 2017;
Roustit et al., 2010; Wolf et al., 2020).
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Participant characteristics were analyzed using an
unpaired ¢ test (IBM Corp. Released 2019. IBM SPSS
Statistics for Windows, v. 26.0.; GraphPad Prism v. 9.0.0
for Windows, GraphPad Software). Responses to local
heating were analyzed using a two-way ANOVA to eval-
uate group (CON and PC) and phase (baseline, plateau,
I-NAME, and maximum) effects. The NO contributions
were analyzed using an unpaired ¢ test. Linear regres-
sion analyses were performed using a Pearson's correla-
tion coefficient to assess the associations between (1)
time since COVID-19 diagnosis and the NO contribu-
tion to the cutaneous vasodilation response during local
heating and (2) COVID-19 symptomology and the NO
contribution to the local heating response. Significance
was set a priori at @ <0.05. All results are presented
as means =+ SD, and range is displayed as minimum to
maximum.

3 | RESULTS

3.1 | Participants

A total of 17 adults participated in the pilot study: 10 CON
(10 F/0 M) and 7 PC (2 F/5 M). Height and weight were
greater in the CON compared to the PC group (Table 1).
All other participant characteristics, including body mass
index, were not different between groups (all p>0.05,
Table 1). Overall physical activity and time spent in each
activity domain (i.e., sedentary, light, and moderate-
to-very vigorous) was not different between groups (all
p>0.05, Table 1).

Within the CON group, n=8 received three doses of
the COVID-19 vaccine (Pfizer: n=3 and Moderna: n=5),
n=1 received two doses of Moderna, and n=1 was not
vaccinated for COVID-19. Within the PC group, n=4 re-
ceived three doses of the COVID-19 vaccine (Pfizer: n=2
and Moderna: n=2), 1 received one dose of Pfizer, and 2
were not vaccinated for COVID-19.

3.2 | Blood flow responses

Baseline, initial axon reflex-mediated peak, and maxi-
mum CVC values, whether expressed as absolute (flux/
mm Hg) or relative (CVC%max) did not differ between
groups (Table 2). The local heating plateau and L-NAME
plateau values are presented in Figure 1. There were no
differences between groups at either phase, regardless of
whether expressed as absolute or relative CVC. Similarly,
the NO contribution to the local heating response did not
differ between groups (Figure 2).
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TABLE 1 Participant characteristics.

Post-COVID-19

Control (n=10) (n=7)

Age (years) 69+7, 54-80 66+8, 52-75
Height (cm) 163+3,158-166  175+9, 160-186*
Weight (kg) 71+11, 5395 86416, 64-114*
Body mass index (kg/m?) 27+4, 20-35 28+4,21-35
Systolic blood pressure ~ 123+7,108-130  127+15, 103-150
Diastolic blood pressure 76+ 5, 67-83 76 +10, 61-90

Stage I hypertension  n=1(10%) n=1(14%)

Stage II hypertension n=2(20%) n=1(14%)
Heart rate (bpm) 66+ 14, 48-90 66+9, 58-84
HDL-C (mg/dL) 65+13,45-84 57+13,41-77
LDL-C (mg/dL) 130+1,4107-160 113+29, 71-158

Dyslipidemia n=3(30%) n=229%)
HbAlc (%) 54+0.2,51.-5.7 5.5+0.3, 4.9-5.9
Medications

Aspirin n=3(30%)

Antihypertensive n=4(40%) n=2(29%)

Statin n=3 (30%) n=1(14%)
Physical activity (min/ n=9 n=7

day)
Sedentary 534+107 561+63
(319-656) (462-655)
Light 271+90 268 +90
(101-423) (165-348)
Moderate-to-very 26+ 12 (6-46) 19+15(6-42)
vigorous
Steps (steps/day) 6964 +2253 6487 +2161

(1990-9963) (3823-8838)

Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol.
*p <0.05 versus control.

Post-COVID-19

Control (n=10) (n=7)

Absolute CVC (flux/mm Hg)

Baseline 0.2+0.1(0.1-0.3) 0.1+0.0(0.1-0.3)
Axon reflex 0.7+0.4 (0.4-1.6) 0.7+0.5 (0.4-1.4)
Maximal 1.4+0.6 (0.8-2.8) 1.5+0.5 (0.7-2.0)
vasodilation
Relative CVC (%CVCmax)
Baseline 10.4+2.6 (6.6-14.6) 9.2+4.8 (3.4-16.3)
Axon reflex 47.1+14.3 (30.6-69.9)  48.1+21.2 (25.6-69.9)

Abbreviation: CVC, cutaneous vascular conductance.

3.3 | Timeline and symptomology

The time since COVID-19 diagnosis (223 + 154 days, range:
46-430days) was not related to the magnitude of NO con-
tribution (r<0.01, p=0.99). All PC adults experienced
symptoms during COVID-19 illness (Table 3). The num-
ber of COVID-19 symptoms (9 + 3 symptoms, range: 3-12)
and the average symptom severity (46 + 18 AU, range: 27—
79) were not related to the magnitude of the NO contri-
bution (number of symptoms: r=0.58, p=0.17; symptom
severity: r=0.42, p=0.35). Three of the seven PC partici-
pants (1 F/2 M) reported experiencing COVID-19-related
symptoms at the time of testing (number of symptoms: 5,
3, and 2 symptoms; symptom severity: 6, 20, and 10AU;
days since diagnosis: 430, 220, and 162 days, respectively).

4 | DISCUSSION
The NO contribution to the cutaneous vasodilation re-
sponse during local heating was not different between
middle-aged and older adults who have had COVID-19 and
those who have not. Additionally, neither the time since
COVID-19 diagnosis nor symptom severity were correlated
with the NO contribution to the local heating response in
middle-aged and older adults who have had COVID-19.
Similar to our previous data in young adults (Dillon
et al., 2022), the present data suggest that there are no
differences in NO-mediated cutaneous microvascular
function in middle-aged and older adults who have had
mild COVID-19 and recovered compared with those who
have not. In general, these data suggest mild COVID-19
illness is not associated with NO-mediated microvascular
dysfunction in middle-aged and older adults. Whether
NO-mediated endothelium-dependent microvascular

TABLE 2 Cutaneous blood flow

p-values responses to local heating.

Phase p<0.01,
group
p=0.785,
interaction
p=0.921

Phase p<0.01,
group
p=0.979,
interaction
p=0.785
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FIGURE 1 The absolute (panel A) and relative (panel B) cutaneous vascular conductance (CVC, panel A) responses during the heating
and -NAME plateaus of a 42°C local heating protocol were not different between controls (n =10, open symbols) and post-COVID-19
adults (n=7, closed symbols). The gray symbols indicate the three individuals who reported post acute sequelae COVID-19 symptoms at the
time of testing. Females are represented as circles and males are squares. Two-way ANOVA results: Panel A: Phase p <0.01, Group p=0.25,
Interaction p=0.74; Panel B: Phase p <0.01, Group p=0.14, Interaction p=0.77.
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FIGURE 2 The nitric oxide (NO) contribution to the 42°c local
heating protocol was not different between controls (n=10) and
post-COVID-19 adults (n=7). The gray symbols indicate the three
individuals who reported post acute sequelae COVID-19 symptoms
at the time of testing. Females are represented as circles and males
are squares. Unpaired ¢ test: p=0.77.

dysfunction is an underlying mechanism for post acute
sequelae COVID-19 (PASC)-cardiovascular syndrome or
PASC-cardiovascular disease is still unknown. Although
three of the seven PC participants had PASC, this study
was not designed nor adequately powered to assess poten-
tial differences in microvascular function in adults with
PASC relative to those without PASC.

All PC participants experienced mild COVID-19
symptoms and none were hospitalized due to SARS-
CoV-2 infection (National Institutes of Health, 2023).
Thus, the current findings are limited to middle-
aged and older adults who have experienced only
mild COVID-19 symptoms. Impaired endothelium-
dependent cutaneous vasodilation has been observed
in middle-age and older adults who were hospital-
ized due to COVID-19 (Raia et al., 2022; Tehrani &

Gille-Johnson, 2021). However, the mechanism(s)
underlying that impairment (e.g., reduced NO bio-
availability) are unknown. A participant cohort that
includes PC patients who experienced moderate-to-
severe COVID-19 symptomology (e.g., hospitalization,
respiratory failure) may be needed to observe a signif-
icant relation between COVID-19 symptomology and
microvascular function. Furthermore, although we did
not observe any individual relations between micro-
vascular function and post-recovery timing or sympto-
mology, there may be a combined impact of timeline
and symptomology, as well as other factors such as pre-
existing comorbidities, fitness, and vaccine status. A
comprehensive phenotyping of these factors and their
relation with microvascular function in PC individuals
is beyond the scope of the present study, warranting fu-
ture investigations to better understand the underlying
factors that result in disparate impacts of COVID-19 on
microvascular endothelial function.

There are several limitations to the present pilot study.
First, this small sample was a random sample of individ-
uals who had varying times of infection, and thus were
likely infected by different SARS-CoV-2 variants, and a
wide range of symptomology, including those with both
PASC and those who had fully recovered. A recent study
has suggested differential impacts of COVID-19 variants
on human microvascular function in isolated human
arterioles (Nishijima et al., 2023). In the present study,
testing was not performed to determine the COVID-19
variants with which the participants were infected, so
we are unable to determine whether there are differ-
ential impacts of COVID-19 variants on microvascular
function in vivo. Future in vivo investigations should in-
clude samples that are appropriately powered to delineate
the impact of COVID-19 variants and other individual
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TABLE 3 Peak symptom severity recall in post-COVID-19 adults.
Post-COVID-19 participant 1 2 4 5 6 7
Chest pain 95 10 40
Chills 50 40 30
Diarrhea 5 100 20
Dizziness 80
Dry cough 100 80 50 100 30 10
Dry eyes
Dry mouth
Fatigue 85 100 10 100 80 50 40
Fever (over 100.3F) 5 5 100 50 30
Headache 5 20 20 40 20 30
Lack of appetite 5 10 50 20 20
Loss of smell/taste
Muscle or body aches 15 35 90 40 30 30
Nasal congestion or runny nose 90 50 50 80 10 30
Nausea or vomiting 100
Shortness of breath 100 70 60
Sore joints 45 90 40 10 30
Sore throat 100 20 30
Total number of Sx 12 10 11 6 11 10
Average severity/Sx 57 43 37 79 52 27 28

determinants of illness severity and PASC. The goal of
this study was to determine if, in general, SARS-CoV-2
infection was associated with microvascular dysfunction
in middle-aged and older adults. Second, despite an effort
to enroll an equal number of sexes between groups, the
groups were unmatched for sex. All of the controls were
female, while only two out of the seven PC adults were
female (n=>5 were male). Sex differences in endothelial
vascular function throughout the lifespan are still being
elucidated. In general, males experience a decline in endo-
thelial function earlier in life compared to females (Green
et al., 2016; Stanhewicz et al., 2018). Thus, females typi-
cally have better endothelial function compared to males
until 50-60years of age, after which endothelial func-
tion declines more rapidly in females compared to males
(Green et al., 2016; Merz & Cheng, 2016; Stanhewicz
et al., 2018). Furthermore, sex differences in the infection
rate, clinical presentation of COVID-19, and COVID-19
long-term impacts have been observed. Many, but not all,
investigations report COVID-19-related morbidity and
mortality rates are greater in males compared to females
(Danielsen et al., 2022; Pela et al., 2022; Scully et al., 2020;
Yao et al., 2020). Mechanisms underlying these sex differ-
ences have not been identified. In the present study we did
not observe any obvious sex differences. However, future
research is warranted regarding the potential interactions

between sex, vascular function, and the long-term impli-
cations of COVID-19.

In conclusion, these pilot data suggest middle-aged
and older adults who have recovered from mild COVID-19
do not display impaired NO-mediated cutaneous micro-
vascular function. Time since COVID-19 diagnosis and
COVID-19 symptomology were not related to microvascu-
lar function.

ACKNOWLEDGMENTS
We thank Sue Slimak, Faith Swanger, and Zach Lichter
for technical support, as well as Dr. David Conroy for ac-
celerometer testing assistance.

CONFLICT OF INTEREST STATEMENT
No conflicts of interest, financial or otherwise, are de-
clared by the authors.

ORCID

Gabrielle A. Dillon @ https://orcid.
org/0000-0001-5365-2852

S. Tony Wolf © https://orcid.org/0000-0002-6336-2143
W. Larry Kenney ‘© https://orcid.
org/0000-0002-1326-8175

Lacy M. Alexander © https://orcid.
org/0000-0002-1294-8582


https://orcid.org/0000-0001-5365-2852
https://orcid.org/0000-0001-5365-2852
https://orcid.org/0000-0001-5365-2852
https://orcid.org/0000-0002-6336-2143
https://orcid.org/0000-0002-6336-2143
https://orcid.org/0000-0002-1326-8175
https://orcid.org/0000-0002-1326-8175
https://orcid.org/0000-0002-1326-8175
https://orcid.org/0000-0002-1294-8582
https://orcid.org/0000-0002-1294-8582
https://orcid.org/0000-0002-1294-8582

DILLON ET AL.

£
%,Ehe o %) Physiological ReportSJ7_°8

REFERENCES

Ackermann, M., Verleden, S. E., Kuehnel, M., Haverich, A., Welte,
T., Laenger, F., Vanstapel, A., Werlein, C., Stark, H., Tzankov,
A., Li, W. W, Li, V. W,, Mentzer, S. J., & Jonigk, D. (2020).
Pulmonary vascular endothelialitis, thrombosis, and angiogen-
esis in Covid-19. The New England Journal of Medicine, 383,
120-128.

Bruning, R. S., Santhanam, L., Stanhewicz, A. E., Smith, C. J,,
Berkowitz, D. E., Kenney, W. L., & Holowatz, L. A. (2012).
Endothelial nitric oxide synthase mediates cutaneous vaso-
dilation during local heating and is attenuated in middle-
aged human skin. Journal of Applied Physiology (1985), 112,
2019-2026.

Choi, P. J., Brunt, V. E,, Fujii, N., & Minson, C. T. (2014). New ap-
proach to measure cutaneous microvascular function: An
improved test of NO-mediated vasodilation by thermal hyper-
emia. Journal of Applied Physiology (1985), 117, 277-283.

Cohuet, G., & Struijker-Boudier, H. (2006). Mechanisms of target
organ damage caused by hypertension: Therapeutic potential.
Pharmacology & Therapeutics, 111, 81-98.

Craighead, D. H., Smith, C. J., & Alexander, L. M. (2017). Blood
pressure normalization via pharmacotherapy improves cu-
taneous microvascular function through NO-dependent and
NO-independent mechanisms. Microcirculation, 24, e12382.
https://doi.org/10.1111/micc.1238

Cupisti, A., Rossi, M., Placidi, S., Fabbri, A., Morelli, E., Vagheggini,
G., Meola, M., & Barsotti, G. (2000). Responses of the skin mi-
crocirculation to acetylcholine in patients with essential hyper-
tension and in normotensive patients with chronic renal fail-
ure. Nephron, 85, 114-119.

Danielsen, A. C., Lee, K. M., Boulicault, M., Rushovich, T,
Gompers, A., Tarrant, A., Reiches, M., Shattuck-Heidorn, H.,
Miratrix, L. W., & Richardson, S. S. (2022). Sex disparities in
COVID-19 outcomes in the United States: Quantifying and
contextualizing variation. Social Science & Medicine, 294,
114716.

Dharmashankar, K., & Widlansky, M. E. (2010). Vascular endothe-
lial function and hypertension: Insights and directions. Current
Hypertension Reports, 12, 448-455.

Dillon, G. A., Wolf, S. T., & Alexander, L. M. (2022). Nitric oxide-
mediated cutaneous microvascular function is not altered in
young adults following mild-to-moderate SARS CoV-2 infec-
tion. American Journal of Physiology. Heart and Circulatory
Physiology, 322, H319-H327.

Fosse, J. H., Haraldsen, G., Falk, K., & Edelmann, R. (2021).
Endothelial cells in emerging viral infections. Frontiers in
Cardiovascular Medicine, 8, 619690.

Freedson, P. S., Melanson, E., & Sirard, J. (1998). Calibration of
the computer science and applications, Inc. accelerometer.
Medicine and Science in Sports and Exercise, 30, 777-781.

Greaney, J. L., Dillon, G. A., Saunders, E. F. H., & Alexander, L. M.
(2020). Peripheral microvascular serotoninergic signaling is
dysregulated in young adults with major depressive disorder.
Journal of Applied Physiology (1985), 128, 100-107.

Green, D. J., Hopkins, N. D., Jones, H., Thijssen, D. H., Eijsvogels,
T. M., & Yeap, B. B. (2016). Sex differences in vascular endo-
thelial function and health in humans: Impacts of exercise.
Experimental Physiology, 101, 230-242.

ociety shvslogeal

Khan, F., Patterson, D., Belch, J. J., Hirata, K., & Lang, C. C. (2008).
Relationship between peripheral and coronary function using
laser Doppler imaging and transthoracic echocardiography.
Clinical Science (London, England), 115, 295-300.

Merz, A. A., & Cheng, S. (2016). Sex differences in cardiovascular
ageing. Heart, 102, 825-831.

Minson CT, Berry LT, Joyner MJ. Nitric oxide and neurally mediated
regulation of skin blood flow during local heating. Journal of
Applied Physiology (1985);91(4):1619-26.

Nandadeva, D., Young, B. E., Stephens, B. Y., Grotle, A. K., Skow,
R. J., Middleton, A. J., Haseltine, F. P., & Fadel, P. J. (2021).
Blunted peripheral but not cerebral vasodilator function in
young otherwise healthy adults with persistent symptoms fol-
lowing COVID-19. American Journal of Physiology. Heart and
Circulatory Physiology, 321, H479-H484.

National Institutes of Health. Clinical spectrum of SARS-CoV-2 in-
fection. 2023. National Institutes of Health. https://www.covid
19treatmentguidelines.nih.gov/overview/clinical-spectrum/.
(Feburary 8, 2023).

Nishijima, Y., Hader, S. N., & Beyer, A. M. (2023). Differential im-
pacts of COVID-19 variants on human microvascular function.
Cardiovascular Research, 119, e115-e117.

Pela, G., Goldoni, M., Solinas, E., Cavalli, C., Tagliaferri, S., Ranzieri,
S., Frizzelli, A., Marchi, L., Mori, P. A., Majori, M., Aiello, M.,
Corradi, M., & Chetta, A. (2022). Sex-related differences in long-
COVID-19 syndrome. Journal of Women's Health, 31, 620-630.

Qian, Y., Lei, T., Patel, P. S., Lee, C. H., Monaghan-Nichols, P., Xin, H.
B., Qiu, J., & Fu, M. (2021). Direct activation of endothelial cells
by SARS-CoV-2 nucleocapsid protein is blocked by Simvastatin.
Journal of Virology, 95, €0139621.

Raia, L., Urbina, T., Gabarre, P., Bonny, V., Hariri, G., Ehrminger, S., Bigé,
N., Baudel, J. L., Guidet, B., Maury, E., Joffre, J., & Ait-Oufella, H.
(2022). Impaired skin microvascular endothelial reactivity in criti-
cally ill COVID-19 patients. Annals of Intensive Care, 12, 51.

Raisi-Estabragh, Z., Cooper, J., Salih, A., Raman, B., Lee, A.
M., Neubauer, S., Harvey, N. C., & Petersen, S. E. (2022).
Cardiovascular disease and mortality sequelae of COVID-19 in
the UK Biobank. Heart, 109, 119-126.

Ratchford, S. M., Stickford, J. L., Province, V. M., Stute, N,
Augenreich, M. A., Koontz, L. K., Bobo, L. K., & Stickford, A. S.
L. (2021). Vascular alterations among young adults with SARS-
CoV-2. American Journal of Physiology. Heart and Circulatory
Physiology, 320, H404-H410.

Roberts, K. A., van Gent, T., Hopkins, N. D., Jones, H., Dawson, E. A.,
Draijer, R., Carter, H. H., Atkinson, C. L., Green, D. J., Thijssen,
D. H.J., & Low, D. A. (2017). Reproducibility of four frequently
used local heating protocols to assess cutaneous microvascular
function. Microvascular Research, 112, 65-71.

Roustit, M., Blaise, S., Millet, C., & Cracowski, J. L. (2010).
Reproducibility and methodological issues of skin post-
occlusive and thermal hyperemia assessed by single-point laser
Doppler flowmetry. Microvascular Research, 79, 102-108.

Scully, E. P., Haverfield, J., Ursin, R. L., Tannenbaum, C., & Klein, S.
L. (2020). Considering how biological sex impacts immune re-
sponses and COVID-19 outcomes. Nature Reviews. Immunology,
20, 442-447.

Seals, D. R., Jablonski, K. L., & Donato, A.J. (2011). Aging and vascu-
lar endothelial function in humans. Clinical Science (London,
England), 120, 357-375.


https://doi.org/10.1111/micc.1238
https://www.covid19treatmentguidelines.nih.gov/overview/clinical-spectrum/
https://www.covid19treatmentguidelines.nih.gov/overview/clinical-spectrum/

8of 8 . . e
O—LPhysmloglcal Reports gV %gégcigt‘yi '

DILLON ET AL.

physiological
Sodiety

Seals, D. R., Walker, A. E., Pierce, G. L., & Lesniewski, L. A.
(2009). Habitual exercise and vascular ageing. The Journal of
Physiology, 587, 5541-5549.

Stanhewicz, A. E., Jandu, S., Santhanam, L., & Alexander, L. M.
(2017a). Alterations in endothelin type B receptor contribute
to microvascular dysfunction in women who have had pre-
eclampsia. Clinical Science (London, England), 131, 2777-2789.

Stanhewicz, A. E., Jandu, S., Santhanam, L., & Alexander, L. M.
(2017b). Increased angiotensin II sensitivity contributes to mi-
crovascular dysfunction in women who have had preeclampsia.
Hypertension, 70, 382-389.

Stanhewicz, A. E., Wenner, M. M., & Stachenfeld, N. S. (2018).
Sex differences in endothelial function important to vascular
health and overall cardiovascular disease risk across the lifes-
pan. American Journal of Physiology. Heart and Circulatory
Physiology, 315, H1569-H1588.

Stute, N. L., Stickford, J. L., Province, V. M., Augenreich, M. A,,
Ratchford, S. M., & Stickford, A. S. L. (2021). COVID-19 is
getting on our nerves: Sympathetic neural activity and haemo-
dynamics in young adults recovering from SARS-CoV-2. The
Journal of Physiology, 599, 4269-4285.

Taddei, S., Virdis, A., Ghiadoni, L., Salvetti, G., Bernini, G., Magagna,
A., & Salvetti, A. (2001). Age-related reduction of NO availabil-
ity and oxidative stress in humans. Hypertension, 38, 274-279.

Tehrani, S., & Gille-Johnson, P. (2021). Microvascular dysfunction in
patients with critical Covid-19, a pilot study. Shock, 56, 964-968.

Varga, Z., Flammer, A. J., Steiger, P., Haberecker, M., Andermatt,
R., Zinkernagel, A. S., Mehra, M. R., Schuepbach, R. A,
Ruschitzka, F., & Moch, H. (2020). Endothelial cell infection
and endotheliitis in COVID-19. Lancet, 395, 1417-1418.

Wolf, S. T., Dillon, G. A., Alexander, L. M., Jablonski, N. G., & Kenney,
W. L. (2022). Skin pigmentation is negatively associated with
circulating vitamin D concentration and cutaneous microvas-
cular endothelial function. American Journal of Physiology.
Heart and Circulatory Physiology, 323, 490-498.

Wolf, S. T., Jablonski, N. G., Ferguson, S. B., Alexander, L. M., &
Kenney, W. L. (2020). Four weeks of vitamin D supplemen-
tation improves nitric oxide-mediated microvascular func-
tion in college-aged African Americans. American Journal of
Physiology. Heart and Circulatory Physiology, 319, H906-H914.

Xie, Y., Xu, E., Bowe, B., & Al-Aly, Z. (2022). Long-term cardiovascu-
lar outcomes of COVID-19. Nature Medicine, 28, 583-590.

Yao, Q., Wang, P., Wang, X., Qie, G., Meng, M., Tong, X., Bai, X., Ding,
M., Liu, W, Liu, K., & Chu, Y. (2020). A retrospective study of
risk factors for severe acute respiratory syndrome coronavirus
2 infections in hospitalized adult patients. Polish Archives of
Internal Medicine, 130, 390-399.

How to cite this article: Dillon, G. A., Wolf, S. T.,
Williams, A. C., Kenney, W. L., & Alexander, L. M.
(2023). Nitric oxide-mediated cutaneous
microvascular function is not altered in middle-
aged-to-older adults following mild SARS-CoV-2
infection: A pilot study. Physiological Reports, 11,
e15704. https://doi.org/10.14814/phy2.15704



https://doi.org/10.14814/phy2.15704

	Nitric oxide-­mediated cutaneous microvascular function is not altered in middle-­aged-­to-­older adults following mild SARS-­CoV-­2 infection: A pilot study
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Participants
	2.2|Symptom survey
	2.3|Physical activity assessment
	2.4|Cutaneous microvascular function
	2.5|Data and statistical analysis

	3|RESULTS
	3.1|Participants
	3.2|Blood flow responses
	3.3|Timeline and symptomology

	4|DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


